A family of nanoscale-sized supramolecular cage compounds with a polyhedral framework is prepared by self-assembly from tritopic building blocks and rectangular corner units via noncovalent coordination interactions. These highly symmetrical cage compounds are described as face-directed, self-assembled truncated tetrahedra with T d symmetry.
T he number of ways in which more than three identical multitopic subunits can be regularly arranged on the surface of a sphere is represented by the Platonic and Archimedean solids. Platonic solids embody a family of five convex uniform polyhedra that are made of the same regular polygons, whereas the family of Archimedean solids consists of 13 convex uniform polyhedra that are made of at least two different regular polygons (1) . The three coordinate directions for the Platonic as well as for the Archimedean solids are equivalent, thus making them ideal models for the construction of spherical molecular hosts (2) .
Covalently bonded cage compounds such as cyclophanes (3), cubanes (4, 5) , adamantane (6) (7) (8) , and dodecahedrane (9, 10) are difficult to synthesize and usually give low yields. Nature on the other hand demonstrates the ability of biological systems to form large supramolecular arrays from small building blocks, giving rise to a wide variety of structures and functions (11) (12) (13) . Utilization of this biomimetic motive in the synthesis of larger synthetic entities provides an alternative to classical organic synthesis, offering the advantage of self-correction and a highly convergent synthetic protocol (14) (15) (16) .
Trying to imitate and use this biological motive for potential applications in chemistry and materials science, chemists apply slightly different approaches. Besides the use of hydrogenbonded systems, the coordination-driven self-assembly of supramolecular species has become an important method (17) (18) (19) (20) (21) (22) (23) (24) , because it allows for the incorporation of metal centers of various geometries and functionalities. Furthermore, the thermodynamic and kinetic stability of transition metal complexes can have a considerable advantage over pH-and temperaturesensitive biological systems.
Although this coordination-driven methodology has been widely used in the formation of self-assembled infinite networks, grids, and helical species (25) , only a few discrete threedimensional supramolecular entities have been reported to date. Most systems described in the literature are tetrahedral M 4 L 6 (26) (27) (28) (29) or cubic M 8 L 8 ensembles (30, 31) that have the shape of Platonic solids. For the larger and more complex Archimedean solids only a few examples are known (32) (33) (34) (35) (36) (37) . Such discrete three-dimensional supramolecular species possess large void cavities and are therefore important in studies on molecular recognition, inclusion phenomena, and catalysis, because they provide an ideal environment for the encapsulation of smaller molecules or for stabilizing reactive species (38) (39) (40) . Therefore, we now report the formation and characterization of diverse truncated tetrahedra, derived from the face-directed selfassembly of the tritopic tris(pyridylethynyl)benzene or tris(pcyanophenylethynyl)benzene linkers with cis-platinum and cispalladium bistriflate salts. In addition, we report the formation of the complementarily self-assembled system via reaction of cis-bis(p-pyridyl)porphyrin with a tritopic trisplatinum linker. To a solution of the appropriate Pt or Pd acceptor unit 3, 4, 9 or 10 was added the appropriate planar donor unit 1 or 2 in a 3:2 ratio, and the product was crystallized as described in the experimental details that are published as supplementary material on the PNAS web site (www.pnas.org).
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Results and Discussion
Although biological systems are formed by many weak hydrogen bonding and van der Waals interactions, metal-ligand bonding interactions are stronger and highly directional. Therefore, the structural and functional characteristics of metal containing selfassembled supramolecular entities depend highly on the symmetry and functionality of the individual building blocks. In addition, entropic factors favor the formation of polyhedra with a minimum number of subunits, because the entropy loss is significantly smaller than for larger entities or oligomers (47, 48) . The modular selfassembly approach with defined rigid subunits allows for a rational design of discrete supramolecular entities (Fig. 1) , while at the same time offering a wide variety of combinatorial assemblies based on a library of appropriate building blocks (17) (18) (19) (20) (21) (22) (23) (24) . Thus, for example, combination of four tritopic 60°building blocks with six linear linkers gives rise to the formation of a tetrahedron whereas combination of the same 60°building blocks with a 109°angular linker gives rise to a trigonal bipyramid.
The shape of a truncated tetrahedron, the smallest Archimedean solid, is formally derived from a tetrahedron by capping the four corners (Fig. 2a) . Based on our design strategy, compounds resembling truncated tetrahedra can be made via face directed self-assembly of planar tritopic 120°subunits with angular ditopic 90°corner units (Fig. 2b) . The ratio of faces to corners must be 2:3 with a total number of 10 subunits to obtain a closed structure.
Addition of the tris(pyridyl) ligand 1 or the tris(cyano) ligand 2, dissolved in CH 2 Cl 2 , to a CH 2 Cl 2 or nitromethane solution of the angular palladium or platinum bis(triflates) 3 or 4 in a 2:3 ratio, respectively, resulted in the quantitative formation of single products. The palladium compounds 5 and 6 gave pink microcrystalline solids, whereas the corresponding platinum complexes 7 and 8 gave stable yellow solids (Scheme 1). In a similar fashion, reaction of the nonchelated bis(triethylphosphino) substituted metal bis(triflates) 9 and 10 with 1,3,5-tris(4Ј-pyridylethynyl)benzene (1) yielded the analogous metal complexes 11 and 12 as white crystalline powders (Scheme 2). Although the ferrocenyl-substituted systems were remarkably soluble in organic solvents, such as CH 2 Cl 2 or acetone, the bis(triethylphosphino)-substituted systems were soluble only in more polar solvents.
These polyhedral compounds have been fully characterized by analytical and spectroscopic means as described in the Experimental Section. In particular, all new complexes gave elemental analyses that are consistent with the proposed structures. Analysis of the NMR spectra of compounds 5-8 and 11-12 revealed the highly symmetrical nature of these complexes. The six compounds showed characteristic high field-shifted sharp singlets in the 31 P-NMR spectra with appropriate 195 Pt satellites for 7, 8, and 12. For the pyridyl-coordinated palladium systems 5 and 11 the observed high field shifts were quite large (⌬␦ ϭ 17.1 ppm and ⌬␦ ϭ 19.2), whereas the shifts observed for the platinum compounds 7, 8, and 12 as well as for the cyano-coordinated system 6 (⌬␦ ϭ 5.1, 0.9, 4.1, and 5.0 ppm) were much smaller. Also diagnostic for the end-on coordination of the organic linkers were the respective 1 H and 13 C{ 1 H} NMR spectra. Besides the characteristic signals for the bis(diphenylphosphino)ferrocenyl or bis(triethylphosphino) ligands in the proton NMR, the two sets of aromatic resonances for the cyanobenzene units of 6 and 8 at ␦ ϭ 7.58 and 7.59 ppm, respectively, were virtually identical and partially overlapping with other aromatic signals. For the pyridyl-coordinated complexes 5, 11, and 12 the protons in the ␣ position to the coordinating nitrogen were significantly shifted downfield (0.1-0.9 ppm), whereas the corresponding ␣ proton of 7 was shifted up field by about 0.2 ppm. In the case of the bis(triethylphosphino)-substituted complexes 11 and 12 a considerable downfield shift of 0.4 ppm was observed for the protons in the ␤ position, whereas for the bis(diphenylphosphino)ferrocenyl substituted complexes 6 and 7 a high-field shift of 0.4 and 0.23 ppm, respectively, was observed as a result of shielding provided by the phenyl rings of the ferrocenyl ligands. The 19 F NMR spectra for all six complexes displayed sharp singlets in the region of Ϫ79 to Ϫ77 ppm, which is characteristic for free triflate anions. No indication for the inclusion of triflate ions inside the tetrahedral cavity of these complexes was found on the 19 F NMR time scale (Table 1) . Taking advantage of the modularity of our synthetic approach, formation of a complementary truncated tetrahedron was accomplished by an analogous face-directed assembly of cis-bis(ppyridyl)porphyrin 13 with the tris(platinum)triflate 14. Unlike self-assemblies 5-12, the organic bis(pyridyl) compound acts as the corner unit and the metal triflate acts as the planar tritopic building block. Thus, reaction of four equivalents of 14 with six equivalents of 13 in a mixture of CH 3 Cl and MeOH gave the porphyrin-containing complex 15 in good yield, which was isolated as a deep red microcrystalline solid (Scheme 3). In analogy to complexes 5-12, the formation of a single highly symmetrical compound was observed by NMR. The Pt satellites. Coordination of the pyridyl ligand of 13 was indicated by a 5.8 ppm high-field shift of the phosphorus resonance in 15. A corresponding and quite characteristic strong deshielding effect also was observed in the proton NMR for both the ␣ and ␤ protons of the pyridyl ligand, giving rise to an AAЈBBЈ-spin system at ␦ ϭ 9.20 and 8.64 ppm, respectively. All other chemical shifts and the integrations of the proton signals were in accordance with the requirements for 15.
A noteworthy feature of complexes 5-8, 11, and 12 is the relatively high number of water molecules occluded in the solid state. Even upon heating at 60°C under vacuum for several days the water could not be removed. We therefore conclude that the water is likely to be interacting with the cationic platinum via the oxygen lone pairs and moreover it fills the void space inside the three-dimensional assembly to stabilize the polyhedral structure, very similar to the host-guest interaction observed by Fujita et al. (33, 34, 36) .
The composition of these complexes was determined by electrospray MS, which allows for the identification of larger aggregates and assemblies up to 10,000 a.u. (49) . As an example, we discuss the spectrum of complex 7 in a 1:1 mixture of acetone and CH 2 species, respectively, resulting from the loss of the appropriate number of triflate counterions. Fig. 3 shows an expansion plot of the 3ϩ charge-state of complex 7 along with the theoretical isotopic distribution of the predicted elemental composition of a 3ϩ molecular ion less three triflate counterions. These data provide an experimental molecular weight of 7,808.85, which agrees well with the theoretical molecular weight of 7,806.33, and therefore are in accord with the proposed composition of the truncated tetrahedral structure of complex 7. Fragmentation of 7 also was observed with the major fragments consisting of different combinations of the precursors 1 and 4. Although all complexes with a pyridyl framework gave consistent electrospray MS data, the signals for the palladium complexes were less intense compared with the platinum complexes. In contrast, no signals at all were observed for the cyano- coordinated complexes 6 and 8, probably because of the much weaker late transition metal-nitrile bond energies (44) , which likely decreased the lifetime of the charged species in the mass spectrometer because of dissociation under the harsh conditions.
An estimate of the size of the polyhedral complexes was derived from Extensible Systematic Force Field calculations (50) performed for the palladium complex 6. The energy minimized structure showed a molecule with overall T d symmetry and N-Pd-N bond angles for the square planar metal corners of 83.4° (  Fig. 4) . Taking the van der Waals radii into account, the interior diagonal Pd-Pd distances were calculated to be 21.7 Å and the Pd-Pd distances for the triangular facial windows as 14.2 Å. From a space-filling model an approximate diameter of 35 Å was derived for the overall size of this truncated tetrahedron.
For the ferrocenyl-substituted polyhedra 5-8, the self-assembly reactions also were accompanied by a change in the absorbance spectra. When the donor ligands 1 or 2 replaced the weakly donating water ligands, a series of blue shifts in the UV͞Vis spectra were observed (Fig. 5) . Although for the less strongly binding unit 2 these effects were weak, the spectra of the 1,3,5-tris(4Ј-pyridylethynyl)benzene (1)-coordinated systems nevertheless showed significant changes. The insets in Fig. 5 show a superposition of the UV spectra of the bis(triflate) palladium complex 3 and the cyano-linked complex 6 (left) as well as the pyridyl-linked complex 5 (right). The coordination of the strongly donating pyridyl ligand resulted in a significant blueshift of the band around 550 nm, presumably a CT band, and in a complete quenching of absorption at 380 nm, presumably the palladium d-d transition (43) . An analogous behavior also was observed for the platinum complexes 7 and 8, but was much less pronounced. For all four compounds, the absorption spectra are dominated by the absorption of the organic linker with an additive increase of the molar extinction coefficient, especially for the palladium compounds 5 and 6, compared with the free ligands 1 and 2.
Conclusions
A variety of bis(diphenylphosphino)ferrocene-and bis(triethylphosphino)-substituted macrocyclic three-dimensional cage compounds were prepared via a rational coordination directed self-assembly paradigm. Despite extensive attempts we have not been successful to date in growing suitable x-ray quality crystals of these compounds. This may be related to the large cavity size of these molecules as well as the high solvent content of the crystals. However, the physical and spectral data, and in particular the mass spectral data, are consistent with the proposed truncated tetrahedral structures based on our design principles.
The combination of ferrocene ligands with late transition metal complexes provides an interesting link between the chemistry of ferrocenes and supramolecular self-assembly, thus opening this class of compounds to possible redox chemistry. Furthermore, modeling data show that these polyhedral complexes have large cavities capable of hosting larger guest molecules that are the subject of ongoing investigations.
